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Description

TECHNICAL FIELD

[0001] The subject matter disclosed herein relates to
light detection and ranging (Lidar) systems. In particular,
example embodiments may relate to a Lidar system de-
sign to mitigate Lidar cross-talk.

BACKGROUND

[0002] Lidar is a radar-like system that uses lasers to
create three-dimensional representations of surrounding
environments. A Lidar unit includes at least one emitter
paired with a receiver to form a channel, though an array
of channels may be used to expand the field of view of
the Lidar unit. During operation, each channel emits a
light signal into the environment that is reflected off of
the surrounding environment back to the receiver. A sin-
gle channel provides a single point of ranging informa-
tion. Collectively, channels are combined to create a
point cloud that corresponds to a three-dimensional rep-
resentation of the surrounding environment. The Lidar
unit also includes circuitry to measure the time of flight -
i.e., the elapsed time from emitting the light signal to de-
tecting the return signal. The time of flight is used to de-
termine the distance of the Lidar unit to the detected ob-
ject.
[0003] Increasingly, Lidar is finding applications in au-
tonomous vehicles (AVs) such as partially or fully auton-
omous cars. An AV that uses Lidar can have its receiver
channel saturated or get significant noise in its point cloud
when another AV using Lidar is within range. In environ-
ments in which there are a large number of AVs using
Lidar, this type of crosstalk is extremely problematic be-
cause it is likely to cause issues with down-stream proc-
esses that use the Lidar data for vehicle perception, pre-
diction, and motion planning.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Various ones of the appended drawings merely
illustrate example embodiments of the present inventive
subject matter and cannot be considered as limiting its
scope.

FIG. 1 is a block diagram illustrating an example au-
tonomous vehicle (AV) system, according to some
embodiments.
FIG. 2 is block diagram illustrating a Lidar system,
which may be included as part of the AV system il-
lustrated in FIG. 1, according to some embodiments.
FIG. 3A is a diagram illustrating a Lidar system that
includes a noise source detector, according to some
embodiments.
FIG. 3B is a diagram illustrating a Lidar system that
includes multiple noise source detectors, according
to some embodiments.

FIGS. 4-7 are flowcharts illustrating example oper-
ations of the AV system in performing a method for
detecting and tracking a noise source, according to
some embodiments.
FIG. 8 is a diagrammatic representation of a machine
in the example form of a computer system within
which a set of instructions for causing the machine
to perform any one or more of the methodologies
discussed herein may be executed.

DETAILED DESCRIPTION

[0005] Reference will now be made in detail to specific
example embodiments for carrying out the inventive sub-
ject matter. Examples of these specific embodiments are
illustrated in the accompanying drawings, and specific
details are set forth in the following description in order
to provide a thorough understanding of the subject mat-
ter. It will be understood that these examples are not
intended to limit the scope of the claims to the illustrated
embodiments. On the contrary, they are intended to cov-
er such alternatives, modifications, and equivalents as
may be included within the scope of the disclosure.
[0006] Aspects of the present disclosure address the
forgoing issues with Lidar crosstalk in autonomous sys-
tems and others with systems, methods, and devices to
detect, track, and mitigate effects of Lidar crosstalk
caused by one or more noise sources.
[0007] According to the invention, a Lidar system is
configured to include one or more noise source detectors
that detect noise signals that may produce noise in return
signals received at the Lidar system. A noise source de-
tector comprises a light sensor to receive a noise signal
produced by a noise source and a timing circuit to provide
a timing signal (e.g., a timestamp) indicative of a direction
of the noise source relative to an autonomous vehicle on
which the Lidar system is mounted. A noise source may
be an external Lidar system (e.g., a Lidar system of an-
other vehicle) or a surface in the surrounding environ-
ment that is reflecting light signals (e.g., emitted by the
external Lidar system).
[0008] The light sensor is tuned to receive light signals
that are the same wavelength as the light signals received
by the detectors in each channel of the Lidar system in
which the noise source detector is included. In some em-
bodiments, the light sensor may also be tuned to receive
light signals of other wavelengths, such as those that
may be utilized by Lidar systems of other manufacturers.
The light sensor may have a wider vertical field of view
than a horizontal field of view so as to reduce false pos-
itive noise source detections. The light sensor also meas-
ures an intensity of received noise signals, which may
be used by downstream processes to classify the noise
source as an external Lidar system or negligible noise
source.
[0009] The timing circuit maintains a clock signal and
uses the clock signal to generate a timestamp corre-
sponding to a time at which a noise signal is received by
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a corresponding light sensor. The timestamp indicates a
position of the noise signal received within a spin cycle
of the Lidar system and is correlated to the direction of
the noise source relative to the autonomous vehicle. Ac-
cording to the invention, the Lidar system includes an
array of channels that continuously rotate around a cen-
tral axis of the Lidar system along with the light sensor
during operation of the autonomous vehicle. The "spin
cycle" of the Lidar system refers to a complete rotation
of these elements around the central axis of the Lidar
system. Given that the array of channels and light sensor
rotate around the central axis at a fixed rate (also referred
to as "spin rate"), a duration of each spin cycle is fixed.
Thus, the time at which a noise signal is received by the
light sensor is correlated to a position of the light sensor
within the spin cycle based on the duration of the spin
cycle.
[0010] The Lidar system also includes circuitry to
measure the time of flight (ToF), which is used to deter-
mine the distance of the Lidar unit to the detected object.
This type of circuit generally requires a high level of pre-
cision to ensure distances of detected objects can be
accurately computed. On the other hand, the timing cir-
cuitry of a noise signal detector does not require such
precision, and thus, the timing circuitry of the noise signal
detector can be much less complex and occupy less
space than the circuity used to measure ToF. In other
words, the timing circuitry of the noise signal detector
operates at a lower level of precision than the circuity
used to measure ToF.
[0011] As the array of channels rotate around the cen-
tral axis, each channel emits light signals into the sur-
rounding environment and receives return signals corre-
sponding to reflections of the emitted lights signals off of
the surrounding environment. The direction at which the
array of channels emits the light signals may be referred
to as a "scanning direction" of the Lidar system. In em-
bodiments in which the Lidar system includes a single
noise source detector, the noise source detector also ro-
tates around the central axis of the Lidar system and may
be positioned at or about 180 degrees from a center of
the scanning direction of the Lidar system.
[0012] In embodiments in which a Lidar system in-
cludes multiple noise source detectors, the noise source
detectors may be evenly spaced around the central axis
and may also be rotated around the central axis. In these
embodiments, each noise source detector operates in
the same manner as described above, but expanding the
number of noise source detectors enables the Lidar sys-
tem to detect direct illumination by an external Lidar sys-
tem even if both Lidar systems are scanning in a syn-
chronous pattern.
[0013] In some embodiments, an autonomous vehicle
system for controlling a vehicle comprises a Lidar unit to
provide ranging information for the vehicle, a noise
source detector to detect a noise signal producing noise
in one or more return signals being received at the Lidar
unit, and a vehicle computing system. The noise source

detector detects a noise signal produced by a noise
source, and generates a timestamp comprising a time at
which the noise signal is received. The noise source de-
tector communicates noise data to the vehicle computing
system. The noise data comprises a measured intensity
of the noise signal corresponding to the noise source and
a time signal (e.g., timestamp) indicative of the direction
of the noise source relative to the AV system.
[0014] The vehicle computing system is configured to
detect a noise source by processing the noise data pro-
vided by the noise source detector. The detecting of the
noise source includes determining a direction of the noise
source relative to the vehicle. The vehicle computing sys-
tem determines the direction of the noise source based
on the timestamp generated by the noise source detector
that corresponds to the time at which the noise signal is
received. In particular, the vehicle computing system de-
termines the direction of the noise source relative to the
AV system by correlating the timestamp to a position of
the noise source detector in a spin cycle of the Lidar unit
based on a spin rate of the Lidar unit (e.g., a rate at which
the array of channels completes the spin cycle) and cor-
relating the position of the noise source detector in the
spin cycle to the direction of the noise source relative to
the AV system based on a position of the vehicle relative
to the surrounding environment and a position of the
noise source detector relative to the array of channels.
[0015] The detecting of the noise source performed by
the vehicle computing system also includes determining
a classification of the noise source based on the intensity
of the noise signal. The noise source may be classified
as either an external Lidar system (e.g., a Lidar system
of another vehicle or a surface in the surrounding envi-
ronment that is reflecting light signals emitted by the ex-
ternal Lidar system) or a negligible noise source. The
vehicle computing system may determine the classifica-
tion of the noise source by comparing the intensity of the
noise signal to a threshold. For example, the vehicle com-
puting system may classify the noise source as an ex-
ternal Lidar system based on the intensity of the noise
signal exceeding the threshold. Otherwise, the vehicle
computing system may classify noise source as a negli-
gible noise source.
[0016] The vehicle computing system is further config-
ured to track the noise source as it moves within the sur-
rounding environment. The vehicle computing system
may track the source of noise by estimating an initial lo-
cation of the noise source based on a direction of the
noise source determined based on a first noise signal
and determining a predicted location of the noise source
based on the initial location. Upon receiving noise data
corresponding to a second noise signal received at the
noise source detector, the vehicle computing system as-
sociates the second noise signal with the noise source
based on the predicted location of the noise source and
updates the predicted location of the noise source based
on the second noise signal. The vehicle computer system
may continue to associate subsequently received noise
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signals with the noise source based on predicted loca-
tions, and may continue to update predicted locations of
the noise source based on the subsequently received
noise signals.
[0017] The vehicle computing system also generates
state data to describe the noise source and controls one
or more operations of the vehicle based on the state data.
The state data may comprise the classification of the
noise source, a direction of the noise source relative to
the vehicle, current locations of the noise source, and
predicted locations of the noise source.
[0018] Upon detecting a noise source, a perception
system of the vehicle computing system may take pre-
ventative action to mitigate the effects of the noise. For
example, as part of a sensor fusion process whereby
information from multiple sensors of the autonomous ve-
hicle system is fused together, the perception system
may emphasize information received from certain sen-
sors, mask out information from other sensors that may
be less reliable due to the noise caused by the noise
source, and/or change the type of filtering used in the
sensor fusion.
[0019] With reference to FIG. 1, an example autono-
mous vehicle (AV) system 100 is illustrated, according
to some embodiments. To avoid obscuring the inventive
subject matter with unnecessary detail, various function-
al components that are not germane to conveying an
understanding of the inventive subject matter have been
omitted from FIG. 1. However, a skilled artisan will readily
recognize that various additional functional components
may be included as part of the AV system 100 to facilitate
additional functionality that is not specifically described
herein.
[0020] The AV system 100 is responsible for controlling
a vehicle. The AV system 100 is capable of sensing its
environment and navigating without human input. The
AV system 100 can include a ground-based autonomous
vehicle (e.g., car, truck, bus, etc.), an air-based autono-
mous vehicle (e.g., airplane, drone, helicopter, or other
aircraft), or other types of vehicles (e.g., watercraft).
[0021] The AV system 100 includes a vehicle comput-
ing system 102, one or more sensors 104, and one or
more vehicle controls 116. The vehicle computing system
102 can assist in controlling the AV system 100. In par-
ticular, the vehicle computing system 102 can receive
sensor data from the one or more sensors 104, attempt
to comprehend the surrounding environment by perform-
ing various processing techniques on data collected by
the sensors 104, and generate an appropriate motion
path through such surrounding environment. The vehicle
computing system 102 can control the one or more ve-
hicle controls 116 to operate the AV system 100 accord-
ing to the motion path.
[0022] As illustrated in FIG. 1, the vehicle computing
system 102 can include one or more computing devices
that assist in controlling the AV system 100. Vehicle com-
puting system 102 can include a localizer system 106, a
perception system 108, a prediction system 110, a mo-

tion planning system 112, and a noise processing system
120 that cooperate to perceive the dynamic surrounding
environment of the AV system 100 and determine a tra-
jectory describing a proposed motion path for the AV sys-
tem 100. Vehicle computing system 102 can additionally
include a vehicle controller 114 configured to control the
one or more vehicle controls 116 (e.g., actuators that
control gas flow (propulsion), steering, braking, etc.) to
execute the motion of the AV system 100 to follow the
trajectory.
[0023] In particular, in some implementations, any one
of the localizer system 106, the perception system 108,
the prediction system 110, the motion planning system
112, or the noise processing system 120 can receive
sensor data from the one or more sensors 104 that are
coupled to or otherwise included within the AV system
100. As examples, the one or more sensors 104 can in-
clude a Lidar system 118, a Radio Detection and Ranging
(RADAR) system, one or more cameras (e.g., visible
spectrum cameras, infrared cameras, etc.), and/or other
sensors. The sensor data can include information that
describes the location of objects within the surrounding
environment of the AV system 100.
[0024] As one example, for Lidar system 118, the sen-
sor data can include point data that includes the location
(e.g., in three-dimensional space relative to the Lidar sys-
tem 118) of a number of points that correspond to objects
that have reflected an emitted light. For example, Lidar
system 118 can measure distances by measuring the
ToF that it takes a short light pulse to travel from the
sensor(s) 104 to an object and back, calculating the dis-
tance from the known speed of light. The point data fur-
ther includes an intensity value for each point that can
provide information about the reflectiveness of the ob-
jects that have reflected an emitted light.
[0025] Additionally, the sensor data for the Lidar sys-
tem 118 also includes noise data generated by one or
more noise source detectors of the Lidar system 118. A
noise source detector includes a sensor and circuitry to
detect noises sources that may produce noise in the point
data output by the Lidar system 118. A noise source may,
for example, be a Lidar system of another AV or a surface
reflecting signals emitted by an external Lidar system of
another AV. Noise data generated by a noise source de-
tector includes an indication of a direction of a noise
source relative to the AV system 100 along with an in-
tensity of one or more noise signals produced by the
noise source. The indication comprises a timestamp cor-
responding to a time at which a noise signal produced
by the noise source is received at the noise source de-
tector. As will be discussed in further detail below, the
timestamp is correlated with the direction of the noise
source relative to the AV system 100.
[0026] As another example, for RADAR systems, the
sensor data can include the location (e.g., in three-di-
mensional space relative to the RADAR system) of a
number of points that correspond to objects that have
reflected a ranging radio wave. For example, radio waves

5 6 



EP 3 830 604 B1

5

5

10

15

20

25

30

35

40

45

50

55

(e.g., pulsed or continuous) transmitted by the RADAR
system can reflect off an object and return to a receiver
of the RADAR system, giving information about the ob-
ject’s location and speed. Thus, a RADAR system can
provide useful information about the current speed of an
object.
[0027] As yet another example, for cameras, various
processing techniques (e.g., range imaging techniques
such as, for example, structure from motion, structured
light, stereo triangulation, and/or other techniques) can
be performed to identify the location (e.g., in three-di-
mensional space relative to a camera) of a number of
points that correspond to objects that are depicted in im-
agery captured by the camera. Other sensor systems
can identify the location of points that correspond to ob-
jects as well.
[0028] As another example, the one or more sensors
104 can include a positioning system 122. The position-
ing system 122 can determine a current position of the
AV system 100. The positioning system 122 can be any
device or circuitry for analyzing the position of the AV
system 100. For example, the positioning system 122
can determine position by using one or more of inertial
sensors; a satellite positioning system, based on Internet
Protocol (IP) address, by using triangulation and/or prox-
imity to network access points or other network compo-
nents (e.g., cellular towers, WiFi access points, etc.);
and/or other suitable techniques. The position of the AV
system 100 can be used by various systems of the vehicle
computing system 102.
[0029] Thus, the one or more sensors 104 can be used
to collect sensor data that includes information that de-
scribes the location (e.g., in three-dimensional space rel-
ative to the AV system 100) of points that correspond to
objects within the surrounding environment of the AV sys-
tem 100.
[0030] In addition to the sensor data, the perception
system 108, prediction system 110, motion planning sys-
tem 112, and/or the noise processing system 120 can
retrieve or otherwise obtain map data 124 that provides
detailed information about the surrounding environment
of the AV system 100. The map data 124 can provide
information regarding: the identity and location of differ-
ent travelways (e.g., roadways, alleyways, trails, and oth-
er paths designated for travel ), road segments, build-
ings, or other items or objects (e.g., lampposts, cross-
walks, curbing, etc.); known reflectiveness (e.g., radi-
ance) of different travelways (e.g., roadways), road seg-
ments, buildings, or other items or objects (e.g., lamp-
posts, crosswalks, curbing, etc.); the location and direc-
tions of traffic lanes (e.g., the location and direction of a
parking lane, a turning lane, a bicycle lane, or other lanes
within a particular roadway or other travelway); traffic
control data (e.g., the location and instructions of sig-
nage, traffic lights, or other traffic control devices); and/or
any other map data that provides information that assists
the vehicle computing system 102 in comprehending and
perceiving its surrounding environment and its relation-

ship thereto.
[0031] In addition, according to an aspect of the
present disclosure, the map data 124 can include infor-
mation that describes a significant number of nominal
pathways through the world. As an example, in some
instances, nominal pathways can generally correspond
to common patterns of vehicle travel along one or more
lanes (e.g., lanes on a roadway or other travelway). For
example, a nominal pathway through a lane can gener-
ally correspond to a center line of such lane.
[0032] The noise processing system 120 receives
some or all of the sensor data from sensors 104 and
processes the sensor data to detect and track sources
of noise. More specifically, the noise processing system
120 receives noise data from the Lidar system 118 and
processes the noise data to detect and track noise sourc-
es. Accordingly, the noise processing system 120 may
use the noise data to determine a direction of a noise
source relative to the AV system 100. In particular, the
Lidar system 118 may determine a direction of the noise
source based on a correlation between a timestamp in
the noise data and a position of a corresponding noise
source detector as it rotates around a central axis of the
Lidar system 118.
[0033] The noise processing system 120 also uses the
noise data to classify noise sources (e.g., as either an
external Lidar system or a negligible noise source). The
noise processing system 120 may classify a noise source
based on an intensity of a noise signal received at a noise
source detector. More specifically, the noise processing
system 120 may classify the noise source by comparing
the intensity of the noise signal produced by the noise
source with a threshold intensity.
[0034] The noise processing system 120 may track a
noise source as it moves throughout a surrounding en-
vironment continuing to produce noise signals that are
received by a noise source detector of the Lidar system
118. For example, the noise processing system 120 may
associate a subsequently received noise signal with a
detected noise source by correlating a source direction
of the subsequently received noise signals with a pre-
dicted location of the detected noise source. The predict-
ed location of the detected noise source may be deter-
mined based on an initial direction of the noise source
determined based on an initial noise signal produced by
the noise source.
[0035] The localizer system 106 receives the map data
124 and some or all of the sensor data from sensors 104
and generates vehicle poses for the AV system 100. A
vehicle pose describes the position and attitude of the
vehicle. The position of the AV system 100 is a point in
a three-dimensional space. In some examples, the posi-
tion is described by values for a set of Cartesian coordi-
nates, although any other suitable coordinate system
may be used. The attitude of the AV system 100 generally
describes the way in which the AV system 100 is oriented
at its position. In some examples, attitude is described
by a yaw about the vertical axis, a pitch about a first hor-
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izontal axis, and a roll about a second horizontal axis. In
some examples, the localizer system 106 generates ve-
hicle poses periodically (e.g., every second, every half
second, etc.). The localizer system 106 appends time
stamps to vehicle poses, where the time stamp for a pose
indicates the point in time that is described by the pose.
The localizer system 106 generates vehicle poses by
comparing sensor data (e.g., remote sensor data) to map
data 124 describing the surrounding environment of the
AV system 100.
[0036] In some examples, the localizer system 106 in-
cludes one or more localizers and a pose filter. Localizers
generate pose estimates by comparing remote sensor
data (e.g., Lidar, RADAR, etc.) to map data 124. The
pose filter receives pose estimates from the one or more
localizers as well as other sensor data such as, for ex-
ample, motion sensor data from an IMU, encoder, odom-
eter, and the like. In some examples, the pose filter ex-
ecutes a Kalman filter or other machine learning algo-
rithm to combine pose estimates from the one or more
localizers with motion sensor data to generate vehicle
poses.
[0037] The perception system 108 can identify one or
more objects that are proximate to the AV system 100
based on sensor data received from the one or more
sensors 104 and/or the map data 124. In particular, in
some implementations, the perception system 108 can
determine, for each object, state data that describes a
current state of such object. As examples, the state data
for each object can describe an estimate of the object’s:
current location (also referred to as position); current
speed (also referred to as velocity); current acceleration;
current heading; current orientation; size/footprint (e.g.,
as represented by a bounding shape such as a bounding
polygon or polyhedron); class (e.g., vehicle versus pe-
destrian versus bicycle versus other); yaw rate; specular
or diffuse reflectivity characteristics; and/or other state
information.
[0038] In some implementations, the perception sys-
tem 108 can determine state data for each object over a
number of iterations. In particular, the perception system
108 can update the state data for each object at each
iteration. Thus, the perception system 108 can detect
and track objects (e.g., vehicles) that are proximate to
the AV system 100 over time.
[0039] The prediction system 110 can receive the state
data from the perception system 108 and predict one or
more future locations for each object based on such state
data. For example, the prediction system 110 can predict
where each object will be located within the next 5 sec-
onds, 10 seconds, 20 seconds, and so forth. As one ex-
ample, an object can be predicted to adhere to its current
trajectory according to its current speed. As another ex-
ample, other, more sophisticated prediction techniques
or modeling can be used.
[0040] The motion planning system 112 can determine
a motion plan for the AV system 100 based at least in
part on the predicted one or more future locations for the

object provided by the prediction system 110 and/or the
state data for the object provided by the perception sys-
tem 108. Stated differently, given information about the
current locations of objects and/or predicted future loca-
tions of proximate objects, the motion planning system
112 can determine a motion plan for the AV system 100
that best navigates the AV system 100 relative to the
objects at such locations.
[0041] The motion plan can be provided from the mo-
tion planning system 112 to a vehicle controller 114. In
some implementations, the vehicle controller 114 can be
a linear controller that may not have the same level of
information about the environment and obstacles around
the desired path of movement as is available in other
computing system components (e.g., the perception sys-
tem 108, prediction system 110, motion planning system
112, etc.). Nonetheless, the vehicle controller 114 can
function to keep the AV system 100 reasonably close to
the motion plan.
[0042] More particularly, the vehicle controller 114 can
be configured to control motion of the AV system 100 to
follow the motion plan. The vehicle controller 114 can
control one or more of propulsion and braking of the AV
system 100 to follow the motion plan. The vehicle con-
troller 114 can also control steering of the AV system 100
to follow the motion plan. In some implementations, the
vehicle controller 114 can be configured to generate one
or more vehicle actuator commands and to further control
one or more vehicle actuators provided within vehicle
controls 116 in accordance with the vehicle actuator com-
mand(s). Vehicle actuators within vehicle controls 116
can include, for example, a steering actuator, a braking
actuator, and/or a propulsion actuator.
[0043] Each of the localizer system 106, the perception
system 108, the prediction system 110, the motion plan-
ning system 112, the noise processing system 120, and
the vehicle controller 114 can include computer logic uti-
lized to provide desired functionality. In some implemen-
tations, each of the localizer system 106, the perception
system 108, the prediction system 110, the motion plan-
ning system 112, the noise processing system 120, and
the vehicle controller 114 can be implemented in hard-
ware, firmware, and/or software controlling a general-
purpose processor. For example, in some implementa-
tions, each of the localizer system 106, the perception
system 108, the prediction system 110, the motion plan-
ning system 112, the noise processing system 120 and
the vehicle controller 114 includes program files stored
on a storage device, loaded into a memory and executed
by one or more processors. In other implementations,
each of the localizer system 106, the perception system
108, the prediction system 110, the motion planning sys-
tem 112, the noise processing system 120, and the ve-
hicle controller 114 includes one or more sets of compu-
ter-executable instructions that are stored in a tangible
computer-readable storage medium such as RAM, hard
disk, or optical or magnetic media.
[0044] FIG. 2 is block diagram illustrating the Lidar sys-
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tem 118, which may be included as part of the AV system
100, according to some embodiments. To avoid obscur-
ing the inventive subject matter with unnecessary detail,
various functional components that are not germane to
conveying an understanding of the inventive subject mat-
ter have been omitted from FIG. 2. However, a skilled
artisan will readily recognize that various additional func-
tional components may be included as part of the Lidar
system 118 to facilitate additional functionality that is not
specifically described herein.
[0045] As shown, the Lidar system 118 comprises
channels 200-0 to 200-N. The channels 200-0 to 200-N
collectively form an array of channels 201. Individually,
each of the channels 200-0 to 200-N outputs point data
that provides a single point of ranging information. Col-
lectively, the point data output by each of the channels
200-0 to 200-N (i.e., point data1-N) is combined to create
a point cloud that corresponds to a three-dimensional
representation of the surrounding environment.
[0046] Each the channels 200-0 to 200-N comprises
an emitter 202 paired with a detector 204. The emitter
202 emits a light signal (e.g., a laser signal) into the en-
vironment that is reflected off the surrounding environ-
ment and returned back to a sensor 206 (e.g., an optical
detector) in the detector 204. The signal that is reflected
back to the sensor 206 is referred to as a "return signal."
The sensor 206 provides the return signal to a read-out
circuit 208 and the read-out circuit 208, in turn, outputs
the point data based on the return signal. The point data
comprises a distance of the Lidar system 118 from a de-
tected surface (e.g., a road) that is determined by the
read-out circuit 208 by measuring the ToF, which is the
elapsed time between the emitter 202 emitting the light
signal and the detector 204 detecting the return signal.
To this end, the read-out circuit 208 includes timing cir-
cuitry to precisely and accurately measure the ToF.
[0047] During operation of the Lidar system 118, the
array of channels 201 rotates around a central axis of
the Lidar system 118. As the array of channels 201 ro-
tates around the central axis, each of the channels 200-0
to 200-N emits light signals into the surrounding environ-
ment and receives return signals. The direction at which
the array of channels 201 emits the light signals may be
referred to as a "scanning direction" of the Lidar system
118.
[0048] As shown, the Lidar system 118 also comprises
noise source detectors 210-1 to 210-M. Each of the noise
source detectors 210-1 to 210-M are capable of detecting
a noise source that may be producing noise in the point
data output by the array of channels 201. Each of the
noise source detectors 210-1 to 210-M comprises a light
sensor 212 and a timing circuit 214. As with the array of
channels 201, the noise source detectors 210-1 to 210-
M rotate around a central axis of the Lidar system 118.
A complete rotation of the array of channels 201 and the
noise source detectors 210-1 to 210-M around the central
axis of the Lidar system 118 is referred to as a "spin
cycle." The array of channels 201 and the noise source

detectors 210-1 to 210-M rotates around the central axis
at a fixed rate, which is referred to as a "spin rate."
[0049] A light sensor 212 comprises a light sensor
(e.g., an optical detector) that is tuned to receive light
signals that are the same wavelengths as the light signals
received by the sensors 206 of each of the channels
200-0 to 200-N. For example, the light sensor 212 may
be configured to utilize the same frequency band filtering
techniques employed in the sensor 206 of each of the
channels 200-0 to 200-N. In some embodiments, the light
sensor 212 may also be tuned to receive light signals of
other wavelengths, such as those that may be utilized by
Lidar systems of other manufacturers. The light sensor
212 may be configured to have a wider vertical field of
view than a horizontal field of view so as to reduce false
positive noise source detections such as those that might
be caused by reflections of light signals emitted by an
emitter 202 of the array of channels 201. The light sensor
212 also measures an intensity (e.g., an amplitude) of
received noise signals, which may be used by the noise
processing system 120 to classify the noise source as
either an external Lidar system or a negligible noise
source.
[0050] The timing circuit 214 maintains a clock signal
and uses the clock signal to generate a timestamp cor-
responding to a time at which a noise signal is received
by a corresponding light sensor 212. The timestamp in-
dicates a position of the noise signal received within a
spin cycle of the Lidar system 118 and is correlated with
a direction of the noise source relative to the autonomous
vehicle. For example, given that the array of channels
201 and noise source detectors 210-1 to 210-M rotate
around the central axis at a fixed spin rate, a duration of
each spin cycle is fixed. Thus, the time at which a noise
signal is received by the light sensor 212 may be corre-
lated to a position of the light sensor 212 within the Lidar
system 118 when it received the noise signal based on
the duration of the spin cycle.
[0051] As noted above, the detector 204 of each of the
channels 200-0 to 200-N includes circuitry to measure a
ToF of signals to determine the distance of the Lidar sys-
tem 118 to the detected object. This type of circuit gen-
erally requires a high level of precision to ensure distanc-
es of detected objects can be accurately computed. On
the other hand, the timing circuit 214 of a noise source
detector 210 does not require such precision, and thus,
the timing circuit 214 of the noise source detector can be
much less complex and occupy less space than the cir-
cuity used to measure ToF. In other words, the timing
circuit 214 of the noise source detector 210 operates at
a lower level of precision than the circuity used to meas-
ure ToF.
[0052] Each of the noise source detectors 210-1 to
210-M output noise data comprising timestamps and
noise signal intensity measurements. The noise data out-
put by the noise source detectors 210-1 to 210-M may
be combined with the point data output by the array of
channels 201 to generate output data 216. The Lidar sys-
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tem 118 outputs the output data 216 to the vehicle com-
puting system 102 for down-stream processing.
[0053] It shall be noted that although FIG. 2 illustrates
the Lidar system 118 as having multiple instances of the
noise source detector 210, in some embodiments, the
Lidar system 118 may include only a single instance of
the noise source detector 210. For example, FIG. 3A il-
lustrates an example embodiment of the Lidar system
118 in which only a single instance of the noise source
detector 210 is included. As shown, the noise source
detector 210 and the array of channels 201 rotate around
a central axis 300 of the Lidar system 118. The noise
source detector 210 is positioned at about 180 degrees
from the scanning direction of the array of channels 201.
For example, as illustrated, when receiving a noise signal
302, the noise source detector 210 is about 180 degrees
from the array of channels 201 as it emits a light signal
304 and receives a return signal 306. As noted above,
upon receiving the noise signal 302, the noise source
detector 210 measures an intensity of the noise signal
302 and generates a timestamp corresponding to a time
at which the noise signal 302 is received. The noise
source detector 210 outputs the intensity and the times-
tamp to the vehicle computing system 102 as noise data.
The noise processing system 120 may correlate the
timestamp to a position of the noise source detector 210
in the spin cycle, which may be used to determine a di-
rection of the noise source relative to the AV system 100.
[0054] FIG. 3B illustrates an example embodiment of
the Lidar system 118 in which multiple instances of the
noise source detector 210 are included. For example, as
shown, the Lidar system 118 includes noise source de-
tectors 210-1 to 210-M. The noise source detectors 210-1
to 210-M are positioned around the central axis 300 at a
fixed distance from one another. Similar to the embodi-
ment discussed above with respect to FIG. 3A, the noise
source detectors 210-1 to 210-M and the array of chan-
nels 201 rotate around the central axis 300 of the Lidar
system 118. Each of the noise source detectors 210-1
to 210-M is capable of detecting noise signals as they
rotate around the central axis 300. As with the embodi-
ment discussed above, upon receiving the noise signal
302, the receiving one of the noise source detectors
210-1 to 210-M measures an intensity of the noise signal
and generates a timestamp corresponding to a time at
which the noise signal is received. By utilizing multiple
instances of the noise source detector 210, the Lidar sys-
tem 118 can detect direct illumination by an external Lidar
system even if both the Lidar system 118 and the external
Lidar system are scanning in a synchronous pattern.
[0055] FIG. 4-7 are flowcharts illustrating example op-
erations of the AV system 100 in performing a method
400 for detecting and tracking a noise source, according
to some embodiments. The method 400 may be embod-
ied in computer-readable instructions for execution by a
hardware component (e.g., a processor) such that the
operations of the method 400 may be performed by one
or more components of the AV system 100. Accordingly,

the method 400 is described below, by way of example
with reference thereto. However, it shall be appreciated
that the method 400 may be deployed on various other
hardware configurations and is not intended to be limited
to deployment on the vehicle computing system 102.
[0056] At operation 405, a noise source detector 210
detects a noise signal. More specifically, a light sensor
212 of the noise source detector 210 receives a light sig-
nal. The light sensor 212 may receive the light signal from
a direction other than the scanning direction of the Lidar
system 118.
[0057] At operation 410, the noise source detector 210
generates noise data to describe the noise signal. The
noise data comprises a time signal (e.g., a timestamp)
that is indicative of a direction of a noise source corre-
sponding to the noise signal and a measured intensity of
the noise signal. Further details regarding the generating
of the noise data are discussed below in reference to
FIG. 5.
[0058] At operation 415, the noise processing system
120 detects a noise source corresponding to the noise
signal based on the noise data. As will be discussed in
further detail below, the detecting of the noise source
comprises determining the direction of the noise source
relative to the AV system 100 and determining a classi-
fication of the noise source (e.g., an external Lidar system
or a negligible noise source).
[0059] At operation 420, the perception system 108
generates state data to describe the noise source. The
state data includes the direction of the noise source rel-
ative to the AV system 100 and the classification of the
noise source. The state data may further include a current
location of the noise source and/or one or more predicted
locations of the noise source determined by the predic-
tion system 110.
[0060] At operation 425, the noise processing system
120 works in conjunction with the perception system 108
and prediction system 110 to track the noise source as
it moves through the surrounding environment. These
systems may work together to track the noise source
based on one or more subsequent noise signals received
by a noise source detector 210 of the Lidar system 118.
In tracking the noise source, one of several known track-
ing techniques may be employed. For example, as will
be discussed further below, noise processing system 120
may track the noise source by estimating an initial loca-
tion of the noise source based on the direction of the
noise source (determined as part of operation 415) and
determining a predicted location of the noise source
based on the initial location. Upon receiving noise data
corresponding to a subsequent noise signal received at
the noise source detector 210, the noise processing sys-
tem 120 associates the subsequent noise signal with the
noise source based on the predicted location of the noise
source and the noise processing system 120 updates
the predicted location of the noise source based on the
subsequent noise signal. The noise processing system
120 may continue to associate subsequently received
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noise signals with the noise source based on predicted
locations, and may continue to update predicted loca-
tions of the noise source based on the subsequently re-
ceived noise signals.
[0061] At operation 430, the perception system 108
updates the state data that describes the noise source
based on the tracking. The updating of the state data
may include updating a current or predicted location of
the noise source.
[0062] At operation 435, the vehicle controller 114 con-
trols one or more operations of the AV system 100 based
on the state data that describes the noise source. For
example, as discussed above, the motion planning sys-
tem 112 determines a motion plan for the AV system 100
based on state data, and the vehicle controller 114 con-
trols the motion of the AV system 100 based on the motion
plan.
[0063] As shown in FIG. 5, the method 400 may, in
some embodiments, include operations 411, 412, 413,
416, and 417. Consistent with these embodiments, the
operations 411, 412, and 413 may be performed as part
of operation 410 at which the noise source detector 210
generates noise data.
[0064] At operation 411, the timing circuit 214 main-
tains a clock signal. The clock signal may be synchro-
nized or otherwise correlated with the spin rate of the
Lidar system 118. As an example, the timing circuit 214
may initialize the clock signal at onset of operation of the
Lidar system 118 when the array of channels 201 and
the noise source detectors 210-1 to 210-M begin spinning
around the central axis 300 of the Lidar system 118. As
another example, the clock signal may comprise a re-
peating time signal that corresponds to a duration of a
single spin cycle.
[0065] At operation 412, the timing circuit 214 uses the
clock signal to generate a timestamp corresponding to a
time at which the noise signal is received at the light sen-
sor 212. Given the relationship of the clock signal and
the spin rate of the Lidar system 118, each timestamp
produced by the timing circuit 214 corresponds to a po-
sition within the spin cycle. Thus, the time at which the
noise signal is received at the light sensor 212 may be
correlated with the position of the light sensor 212 within
a spin cycle of the Lidar system 118 when the light sensor
212 received the noise signal based on the relationship
of the clock signal to the spin rate.
[0066] At operation 413, the light sensor 212 measures
an intensity of the noise signal. For example, the light
sensor 212 may measure an amplitude of the noise sig-
nal.
[0067] Consistent with these embodiments, the oper-
ations 416 and 417 may be performed as part of the op-
eration 415, where the noise processing system 120 de-
tects the noise source. At operation 416, the noise
processing system 120 determines a direction of the
noise source relative to the AV system 100 based on the
time stamp. The noise processing system 120 may de-
termine the direction of the noise source relative to the

AV system 100 based on the position of the light sensor
212 within the spin cycle of the Lidar system 118 when
the light sensor 212 received the noise signal, which may
be determined from the timestamp. Further details re-
garding the determination of the direction of the noise
source relative to the AV system are discussed below in
reference to FIG. 6.
[0068] At operation 417, the noise processing system
120 determines a classification of the noise source (e.g.,
as an external Lidar system or a negligible noise source)
based on the intensity of the noise signal. The noise
processing system 120 may determine the classification
of the noise source based on a comparison of the inten-
sity of the noise signal to a threshold intensity. Further
details regarding the determination of the classification
of the noise source are discussed below in reference to
FIG. 6.
[0069] As shown in FIG. 6, the method 400 may, in
some embodiments, include operations 605, 610, 615,
620, and 625. Consistent with these embodiments, the
operations 605 and 610 may be performed as part of the
operation 416 where the noise processing system 120
determines the direction of the noise source relative to
the AV system 100.
[0070] At operation 605, the noise processing system
120 correlates the timestamp to a position of the light
sensor 212 within the spin cycle of the Lidar system 118.
More specifically, the noise processing system 120 cor-
relates the timestamp to the position of the light sensor
212 within the spin cycle of the Lidar system 118 when
the light sensor 212 received the noise signal. The noise
processing system 120 may use the known spin rate of
the Lidar system 118 to calculate a duration of the spin
cycle of the Lidar system 118, and use the duration of
the spin cycle to determine a fraction of a rotation com-
pleted by the light sensor 212 at the time the noise signal
was received. The noise processing system 120 may use
the fraction of the rotation completed by light sensor 212
at the time the noise signal was received to determine
the position of the light sensor 212 within the spin cycle
based on a starting position of the light sensor 212 within
the spin cycle.
[0071] For example, assuming a spin rate of 1 Hz (e.g.,
1 complete cycle per second) and a timestamp value of
0.5 seconds, the noise processing system 120 may de-
termine the duration of the spin cycle is 1 second and
thus, the light sensor 212 had completed half a rotation
around the central axis of the Lidar system 118 when the
noise signal was received. The noise processing system
120 may determine that the light sensor 212 was 180
degrees (i.e., a half rotation) from a starting position of
the light sensor 212 in the spin cycle.
[0072] At operation 610, the noise processing system
120 correlates the position of the light sensor 212 within
the spin cycle to the direction of the noise source relative
to the AV system 100. For example, the Lidar system
118 may be mounted on the AV system 100 at a particular
orientation, and the noise processing system 120 may
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utilize the known mount orientation of the Lidar system
118 to determine the direction of the noise source relative
to the AV system 100 based on the position of the light
sensor 212 within the spin cycle of the Lidar system 118.
[0073] Consistent with these embodiments, the oper-
ations 615, 620, and 625 may be performed as part of
the operation 417 where the noise processing system
120 determines a classification of the noise source based
on the intensity of the noise signal. At operation 615, the
noise processing system 120 compares the intensity of
the noise signal to a threshold intensity.
[0074] If the noise processing system 120 determines
the intensity of the noise source is greater than the thresh-
old, the noise processing system 120 classifies the noise
source as an external Lidar system (e.g., an external
Lidar system of another AV system), at operation 620.
Otherwise, the noise processing system 120 classifies
the noise source as a negligible noise source, at opera-
tion 625. For example, the noise source may be a Lidar
system of another AV that is too distant from the AV sys-
tem 100 to be a cause for concern.
[0075] As shown in FIG. 7, the method 400 may, in
some embodiments, include operations 426, 427, 428,
and 429. Consistent with these embodiments, the oper-
ations 426, 427, 428, and 429 may be performed as part
of the operation 425 where the noise processing system
120, the perception system 108, and prediction system
110 work in conjunction to track the source of noise as
it moves through the surrounding environment.
[0076] At operation 426, the perception system 108
estimates an initial location of the noise source based on
the direction of the noise source relative to the AV system
100. In estimating the location of the noise source, the
perception system 108 may utilize at least part of the
sensor data from sensors 104. For example, the percep-
tion system 108 may use point data from the Lidar system
118 to estimate a distance of the noise source from the
AV system 100, which can be combined with the direction
of the noise source relative to the AV system 100 to es-
timate the location of the noise source. The perception
system 108 may use a Kalman filter to combine sensor
measurements within the sensor data to improve accu-
racy of the initial location estimation.
[0077] At operation 427, the prediction system 110 de-
termines a predicted location of the noise source based
on the estimated initial location of the noise source. In
determining the predicted location of the noise source,
the prediction system 110 may estimate a current speed
of the noise source and a current trajectory of the noise
source. The prediction system 110 may determine the
predicted location of the noise source using a dynamic
model that assumes that the noise source will adhere to
the current speed and trajectory. The prediction system
110 may estimate the current speed and current trajec-
tory of the noise source based on one or more of: a current
speed of the AV system 100; the direction of the noise
source relative to the AV system 100; the distance of the
noise source relative to the AV system 100; a classifica-

tion of the noise source; sensor data from any one of the
sensors 104; and the map data 124.
[0078] At operation 428, the noise processing system
120 associates a second noise signal with the noise
source based on the predicted location of the noise. For
example, upon receiving a second noise signal (subse-
quent to the noise signal received at operation 405, which
is referred to below as the "first noise signal"), the Lidar
system 118 provides noise data to the noise processing
system 120 that includes a time stamp from which the
noise processing system 120 may determine a direction
of a source of the second noise signal relative to the AV
system 100, in the same manner discussed above with
respect to the first noise signal. As with the first noise
signal, the perception system 108 may use the direction
of the source of the second noise signal to determine a
location of the source of the second noise signal. Based
on the location of the source of the second noise signal
being approximately the same as the predicted location
of the noise source corresponding to the first noise signal,
the noise processing system 120 associates the second
noise signal with the noise source corresponding to the
first noise signal.
[0079] At operation 429, the prediction system 110 up-
dates a predicted location of the noise source based on
the second noise signal. For example, as discussed
above, the perception system 108 may combine sensor
measurements (e.g., using a Kalman filter) to determine
a location of the source of the second noise signal, and
given that the source of the second noise signal is the
noise source corresponding to the first noise signal, the
location of the source of the second noise signal is the
current location of the noise source. Using the current
location of the noise source, the prediction system 110
may update the predicted location of the noise source
using the same methodology as discussed above with
respect to operation 427. The prediction system 110 may
continue to update the predicted location of the noise
source as subsequent noise signals are received, and
the noise processing system 120 may continue to asso-
ciate the subsequently received noise signals with the
noise source based on the predicted locations of the
noise source determined by the prediction system 110.
[0080] FIG. 8 illustrates a diagrammatic representation
of a machine 800 in the form of a computer system within
which a set of instructions may be executed for causing
the machine 800 to perform any one or more of the meth-
odologies discussed herein, according to an example
embodiment. Specifically, FIG. 8 shows a diagrammatic
representation of the machine 800 in the example form
of a computer system, within which instructions 816 (e.g.,
software, a program, an application, an applet, an app,
or other executable code) for causing the machine 800
to perform any one or more of the methodologies dis-
cussed herein may be executed. For example, the in-
structions 816 may cause the machine 800 to execute
the method 400. In this way, the instructions 816 trans-
form a general, non-programmed machine into a partic-
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ular machine 800, such as the vehicle computing system
102, that is specially configured to carry out the described
and illustrated functions in the manner described here.
In alternative embodiments, the machine 800 operates
as a standalone device or may be coupled (e.g., net-
worked) to other machines. In a networked deployment,
the machine 800 may operate in the capacity of a server
machine or a client machine in a server-client network
environment, or as a peer machine in a peer-to-peer (or
distributed) network environment. The machine 800 may
comprise, but not be limited to, a server computer, a client
computer, a personal computer (PC), a tablet computer,
a laptop computer, a netbook, a smart phone, a mobile
device, a network router, a network switch, a network
bridge, or any machine capable of executing the instruc-
tions 816, sequentially or otherwise, that specify actions
to be taken by the machine 800. Further, while only a
single machine 800 is illustrated, the term "machine" shall
also be taken to include a collection of machines 800 that
individually or jointly execute the instructions 816 to per-
form any one or more of the methodologies discussed
herein.
[0081] The machine 800 may include processors 810,
memory 830, and input/output (I/O) components 850,
which may be configured to communicate with each other
such as via a bus 802. In an example embodiment, the
processors 810 (e.g., a central processing unit (CPU), a
reduced instruction set computing (RISC) processor, a
complex instruction set computing (CISC) processor, a
graphics processing unit (GPU), a digital signal proces-
sor (DSP), an application-specific integrated circuit
(ASIC), a radio-frequency integrated circuit (RFIC), an-
other processor, or any suitable combination thereof)
may include, for example, a processor 812 and a proc-
essor 814 that may execute the instructions 816. The
term "processor" is intended to include multi-core proc-
essors 810 that may comprise two or more independent
processors (sometimes referred to as "cores") that may
execute instructions contemporaneously. Although FIG.
8 shows multiple processors 810, the machine 800 may
include a single processor with a single core, a single
processor with multiple cores (e.g., a multi-core proces-
sor), multiple processors with a single core, multiple proc-
essors with multiple cores, or any combination thereof.
[0082] The memory 830 may include a main memory
832, a static memory 834, and a storage unit 836, both
accessible to the processors 810 such as via the bus
802. The main memory 832, the static memory 834, and
the storage unit 836 store the instructions 816 embodying
any one or more of the methodologies or functions de-
scribed herein. The instructions 816 may also reside,
completely or partially, within the main memory 832, with-
in the static memory 834, within the storage unit 836,
within at least one of the processors 810 (e.g., within the
processor’s cache memory), or any suitable combination
thereof, during execution thereof by the machine 800.
[0083] The I/O components 850 may include compo-
nents to receive input, provide output, produce output,

transmit information, exchange information, capture
measurements, and so on. The specific I/O components
850 that are included in a particular machine 800 will
depend on the type of machine. For example, portable
machines such as mobile phones will likely include a
touch input device or other such input mechanisms, while
a headless server machine will likely not include such a
touch input device. It will be appreciated that the I/O com-
ponents 850 may include many other components that
are not shown in FIG. 8. The I/O components 850 are
grouped according to functionality merely for simplifying
the following discussion and the grouping is in no way
limiting. In various example embodiments, the I/O com-
ponents 850 may include output components 852 and
input components 854. The output components 852 may
include visual components (e.g., a display such as a plas-
ma display panel (PDP), a light emitting diode (LED) dis-
play, a liquid crystal display (LCD), a projector, or a cath-
ode ray tube (CRT)), acoustic components (e.g., speak-
ers), other signal generators, and so forth. The input com-
ponents 854 may include alphanumeric input compo-
nents (e.g., a keyboard, a touch screen configured to
receive alphanumeric input, a photo-optical keyboard, or
other alphanumeric input components), point-based in-
put components (e.g., a mouse, a touchpad, a trackball,
a joystick, a motion sensor, or another pointing instru-
ment), tactile input components (e.g., a physical button,
a touch screen that provides location and/or force of
touches or touch gestures, or other tactile input compo-
nents), audio input components (e.g., a microphone), and
the like.
[0084] Communication may be implemented using a
wide variety of technologies. The I/O components 850
may include communication components 864 operable
to couple the machine 800 to a network 880 or devices
870 via a coupling 882 and a coupling 872, respectively.
For example, the communication components 864 may
include a network interface component or another suita-
ble device to interface with the network 880. In further
examples, the communication components 864 may in-
clude wired communication components, wireless com-
munication components, cellular communication compo-
nents, and other communication components to provide
communication via other modalities. The devices 870
may be another machine or any of a wide variety of pe-
ripheral devices (e.g., a peripheral device coupled via a
universal serial bus (USB)).

EXECUTABLE INSTRUCTIONS AND MACHINE 
STORAGE MEDIUM

[0085] The various memories (e.g., 830, 832, 834,
and/or memory of the processor(s) 810) and/or the stor-
age unit 836 may store one or more sets of instructions
816 and data structures (e.g., software) embodying or
utilized by any one or more of the methodologies or func-
tions described herein. These instructions, when execut-
ed by the processor(s) 810, cause various operations to
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implement the disclosed embodiments.
[0086] As used herein, the terms "machine-storage
medium," "device-storage medium," and "computer-stor-
age medium" mean the same thing and may be used
interchangeably in this disclosure. The terms refer to a
single or multiple storage devices and/or media (e.g., a
centralized or distributed database, and/or associated
caches and servers) that store executable instructions
and/or data. The terms shall accordingly be taken to in-
clude, but not be limited to, solid-state memories, and
optical and magnetic media, including memory internal
or external to processors. Specific examples of machine-
storage media, computer-storage media, and/or device-
storage media include non-volatile memory, including by
way of example semiconductor memory devices, e.g.,
erasable programmable read-only memory (EPROM),
electrically erasable programmable read-only memory
(EEPROM), field-programmable gate arrays (FPGAs),
and flash memory devices; magnetic disks such as in-
ternal hard disks and removable disks; magneto-optical
disks; and CD-ROM and DVD-ROM disks. The terms
"machine-storage media," "computer-storage media,"
and "device-storage media" specifically exclude carrier
waves, modulated data signals, and other such media,
at least some of which are covered under the term "signal
medium" discussed below.

TRANSMISSION MEDIUM

[0087] In various example embodiments, one or more
portions of the network 880 may be an ad hoc network,
an intranet, an extranet, a virtual private network (VPN),
a local-area network (LAN), a wireless LAN (WLAN), a
wide-area network (WAN), a wireless WAN (WWAN), a
metropolitan-area network (MAN), the Internet, a portion
of the Internet, a portion of the public switched telephone
network (PSTN), a plain old telephone service (POTS)
network, a cellular telephone network, a wireless net-
work, a Wi-Fi® network, another type of network, or a
combination of two or more such networks. For example,
the network 880 or a portion of the network 880 may
include a wireless or cellular network, and the coupling
882 may be a Code Division Multiple Access (CDMA)
connection, a Global System for Mobile communications
(GSM) connection, or another type of cellular or wireless
coupling. In this example, the coupling 882 may imple-
ment any of a variety of types of data transfer technology,
such as Single Carrier Radio Transmission Technology
(1xRTT), Evolution-Data Optimized (EVDO) technology,
General Packet Radio Service (GPRS) technology, En-
hanced Data rates for GSM Evolution (EDGE) technol-
ogy, third Generation Partnership Project (3GPP) includ-
ing 3G, fourth generation wireless (4G) networks, Uni-
versal Mobile Telecommunications System (UMTS),
High-Speed Packet Access (HSPA), Worldwide Interop-
erability for Microwave Access (WiMAX), Long Term Ev-
olution (LTE) standard, others defined by various stand-
ard-setting organizations, other long-range protocols, or

other data transfer technology.
[0088] The instructions 816 may be transmitted or re-
ceived over the network 880 using a transmission medi-
um via a network interface device (e.g., a network inter-
face component included in the communication compo-
nents 864) and utilizing any one of a number of well-
known transfer protocols (e.g., hypertext transfer proto-
col (HTTP)). Similarly, the instructions 816 may be trans-
mitted or received using a transmission medium via the
coupling 872 (e.g., a peer-to-peer coupling) to the devic-
es 870. The terms "transmission medium" and "signal
medium" mean the same thing and may be used inter-
changeably in this disclosure. The terms "transmission
medium" and "signal medium" shall be taken to include
any intangible medium that is capable of storing, encod-
ing, or carrying the instructions 816 for execution by the
machine 800, and include digital or analog communica-
tions signals or other intangible media to facilitate com-
munication of such software. Hence, the terms "trans-
mission medium" and "signal medium" shall be taken to
include any form of modulated data signal, carrier wave,
and so forth. The term "modulated data signal" means a
signal that has one or more of its characteristics set or
changed in such a manner as to encode information in
the signal.

COMPUTER-READABLE MEDIUM

[0089] The terms "machine-readable medium," "com-
puter-readable medium," and "device-readable medium"
mean the same thing and may be used interchangeably
in this disclosure. The terms are defined to include both
machine-storage media and transmission media. Thus,
the terms include both storage devices/media and carrier
waves/modulated data signals.
[0090] The various operations of example methods de-
scribed herein may be performed, at least partially, by
one or more processors that are temporarily configured
(e.g., by software) or permanently configured to perform
the relevant operations. Similarly, the methods described
herein may be at least partially processor-implemented.
For example, at least some of the operations of a method
may be performed by one or more processors. The per-
formance of certain of the operations may be distributed
among the one or more processors, not only residing
within a single machine, but deployed across a number
of machines. In some example embodiments, the proc-
essor or processors may be located in a single location
(e.g., within a home environment, an office environment,
or a server farm), while in other embodiments the proc-
essors may be distributed across a number of locations.
[0091] Although the embodiments of the present dis-
closure have been described with reference to specific
example embodiments, it will be evident that various
modifications and changes may be made to these em-
bodiments without departing from the broader scope of
the inventive subject matter. Accordingly, the specifica-
tion and drawings are to be regarded in an illustrative
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rather than a restrictive sense. The accompanying draw-
ings that form a part hereof show, by way of illustration,
and not of limitation, specific embodiments in which the
subject matter may be practiced. The embodiments illus-
trated are described in sufficient detail to enable those
skilled in the art to practice the teachings disclosed here-
in. Other embodiments may be used and derived there-
from, such that structural and logical substitutions and
changes may be made without departing from the scope
of this disclosure. This Detailed Description, therefore,
is not to be taken in a limiting sense, and the scope of
various embodiments is defined only by the appended
claims, along with the full range of equivalents to which
such claims are entitled.
[0092] Such embodiments of the inventive subject
matter may be referred to herein, individually and/or col-
lectively, by the term "invention" merely for convenience
and without intending to voluntarily limit the scope of this
application to any single invention or inventive concept
if more than one is in fact disclosed. Thus, although spe-
cific embodiments have been illustrated and described
herein, it should be appreciated that any arrangement
calculated to achieve the same purpose may be substi-
tuted for the specific embodiments shown. This disclo-
sure is intended to cover any and all adaptations or var-
iations of various embodiments. Combinations of the
above embodiments, and other embodiments not spe-
cifically described herein, will be apparent, to those of
skill in the art, upon reviewing the above description.
[0093] In this document, the terms "a" or "an" are used,
as is common in patent documents, to include one or
more than one, independent of any other instances or
usages of "at least one" or "one or more." In this docu-
ment, the term "or" is used to refer to a nonexclusive or,
such that "A or B" includes "A but not B," "B but not A,"
and "A and B," unless otherwise indicated. In the append-
ed claims, the terms "including" and "in which" are used
as the plain-English equivalents of the respective terms
"comprising" and "wherein." Also, in the following claims,
the terms "including" and "comprising" are open-ended;
that is, a system, device, article, or process that includes
elements in addition to those listed after such a term in
a claim is still deemed to fall within the scope of that claim.

Claims

1. A noise source detector configured to detect a noise
signal producing noise in one or more return signals
received at a Lidar system mounted on an autono-
mous vehicle (AV) system, the noise source detector
comprising:

a light sensor configured to receive a noise sig-
nal, the light sensor being configured to contin-
uously rotate around a central axis of the Lidar
system,
wherein a complete rotation of the light sensor

around the central axis corresponds to a spin
cycle; and
a timing circuit coupled to the light sensor, the
timing circuit being configured to provide an in-
dication of a direction of a noise source corre-
sponding to the noise signal relative to the au-
tonomous vehicle (AV) system; and
wherein the indication of the direction of the
noise source comprises an indication of a posi-
tion of the light sensor within a spin cycle asso-
ciated with a timestamp that correlates to the
position of the light sensor based on a duration
of the spin cycle.

2. The noise source detector of claim 1, wherein the
providing of the indication of the position of the noise
source by the timing circuit comprises:
generating the timestamp by measuring a time at
which the noise signal is received at the light sensor.

3. The noise source detector of claim 1, wherein the
light sensor is tuned to a wavelength of the Lidar unit.

4. The noise source detector of claim 1, wherein the
light sensor comprises a light sensor having a wider
vertical field of view relative to a horizontal field of
view.

5. The noise source detector of claim 1, wherein the
light sensor measures an intensity of the noise signal
produced by the noise source.

6. The noise source detector of claim 1, wherein the
noise source is one of: an external Lidar system or
a surface reflecting a light signal produced by the
external Lidar system.

7. The noise source detector of claim 1, wherein the
timing circuit provides the indication of the position
of the light sensor within a spin cycle of the Lidar unit
by:

maintaining a clock signal;
measuring, using the clock signal, a time at
which the noise signal is received at the light
sensor; and
correlating the time to the position of the light
sensor in the spin cycle of the Lidar unit based
on a spin rate of the Lidar unit.

8. A Lidar system comprising:

an array of channels to provide ranging informa-
tion for an autonomous vehicle (AV), each chan-
nel of the array of channels comprising an emit-
ter paired with a receiver, the emitter to emit light
signals into a surrounding environment, the re-
ceiver to receive return signals corresponding
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to reflections of the light signals off the surround-
ing environment;
wherein the array of channels continuously ro-
tates around the central axis of the Lidar system,
and
a noise source detector according to any one of
the preceding claims, the noise detector being
coupled to the array of channels.

9. The Lidar system of claim 8, wherein:

the timing circuit is a first timing circuit;
the Lidar system includes a second timing circuit
to measure a time of flight of return signals;
the first timing circuit operates at a first level of
precision; and
the second timing circuit operates at a second
level of precision.

10. The Lidar system of claim 9, wherein the first level
of precision is lower than the second level of preci-
sion.

11. A Lidar system comprising:

an array of channels to provide ranging informa-
tion for an autonomous vehicle (AV), each chan-
nel of the array of channels comprising an emit-
ter paired with a receiver, the emitter to emit light
signals into a surrounding environment, the re-
ceiver to receive return signals corresponding
to reflections of the light signals off the surround-
ing environment;
wherein the array of channels continuously ro-
tates around the central axis of the Lidar system,
and
a plurality of noise source detectors according
to any one of claims 1 to 7 the plurality of noise
source detectors being coupled to the array of
channels.

12. The Lidar system of claim 11, wherein:

the plurality of noise source detectors are posi-
tioned around a central axis of the Lidar system;
and
the array of channels and the plurality of noise
source detectors are rotated around the central
axis of the Lidar system.

Patentansprüche

1. Rauschquellendetektor, ausgelegt zum Detektieren
eines Rauschsignals, das Rauschen in einem oder
mehreren Rücksignalen erzeugt, die an einem Lidar-
System, das an einem Autonomfahrzeugsystem
(AV-System) montiert ist, empfangen werden, wobei

der Rauschquellendetektor Folgendes umfasst:

einen Lichtsensor, ausgelegt zum Empfangen
eines Rauschsignals, wobei der Lichtsensor da-
zu ausgelegt ist, sich kontinuierlich um eine Mit-
telachse des Lidar-Systems zu drehen, wobei
eine vollständige Drehung des Lichtsensors um
die Mittelachse einem Umdrehungszyklus ent-
spricht; und
eine Zeitsteuerungsschaltung, die mit dem
Lichtsensor gekoppelt ist, wobei die Zeitsteue-
rungsschaltung dazu ausgelegt ist, um eine An-
gabe einer Richtung einer dem Rauschsignal
entsprechenden Rauschquelle relativ zu dem
autonomen Fahrzeug (AV) bereitzustellen; und
wobei die Angabe der Richtung der Rausch-
quelle eine Angabe einer Position des Lichtsen-
sors innerhalb eines Umdrehungszyklus um-
fasst, die mit einem Zeitstempel verknüpft ist,
der mit der Position des Lichtsensors basierend
auf einer Dauer des Umdrehungszyklus korre-
liert.

2. Rauschquellendetektor nach Anspruch 1, wobei das
Bereitstellen der Angabe der Position der Rausch-
quelle durch die Zeitsteuerungsschaltung Folgen-
des umfasst:
Erzeugen des Zeitstempels durch Messen einer
Zeit, zu der das Rauschsignal am Lichtsensor emp-
fangen wird.

3. Rauschquellendetektor nach Anspruch 1, wobei der
Lichtsensor auf eine Wellenlänge der Lidar-Einheit
abgestimmt ist.

4. Rauschquellendetektor nach Anspruch 1, wobei der
Lichtsensor einen Lichtsensor mit einem breiteren
vertikalen Sichtfeld relativ zu einem horizontalen
Sichtfeld umfasst.

5. Rauschquellendetektor nach Anspruch 1, wobei der
Lichtsensor eine Intensität des durch die Rausch-
quelle erzeugten Rauschsignals misst.

6. Rauschquellendetektor nach Anspruch 1, wobei es
sich bei der Rauschquelle entweder um ein externes
Lidar-System oder um eine Oberfläche, die ein durch
das externe Lidar-System produziertes Lichtsignal
reflektiert, handelt.

7. Rauschquellendetektor nach Anspruch 1, wobei die
Zeitsteuerungsschaltung die Angabe der Position
des Lichtsensors innerhalb eines Umdrehungszyk-
lus der Lidar-Einheit bereitstellt durch:

Aufrechterhalten eines Taktsignals;
Messen, unter Verwendung des Taktsignals, ei-
ner Zeit, zu der das Rauschsignal am Lichtsen-
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sor empfangen wird; und
Korrelieren der Zeit mit der Position des Licht-
sensors im Umdrehungszyklus der Lidar-Ein-
heit basierend auf einer Umdrehungsrate der Li-
dar-Einheit.

8. Lidar-System, das Folgendes umfasst:

ein Array von Kanälen zum Bereitstellen von
Entfernungsmessinformationen für ein autono-
mes Fahrzeug (AV), wobei j eder Kanal des Ar-
rays von Kanälen einen Emitter in Verbindung
mit einem Empfänger umfasst, der Emitter zum
Emittieren von Lichtsignalen in eine Umgebung,
der Empfänger zum Empfangen von Rücksig-
nalen, die den Reflexionen der Lichtsignale aus
der Umgebung entsprechen;
wobei sich das Array von Kanälen kontinuierlich
um die Mittelachse des Lidar-Systems dreht,
und
einen Rauschquellendetektor nach einem der
vorhergehenden Ansprüche, wobei der
Rauschdetektor mit dem Array von Kanälen ge-
koppelt ist.

9. Lidar-System nach Anspruch 8, wobei:

die Zeitsteuerungsschaltung eine erste Zeit-
steuerungsschaltung ist;
das Lidar-System eine zweite Zeitsteuerungs-
schaltung zum Messen einer Flugzeit von Rück-
signalen beinhaltet;
die erste Zeitsteuerungsschaltung mit einem
ersten Präzisionsgrad arbeitet; und
die zweite Zeitsteuerungsschaltung mit einem
zweiten Präzisionsgrad arbeitet.

10. Lidar-System nach Anspruch 9, wobei der erste Prä-
zisionsgrad geringer als der zweite Präzisionsgrad
ist.

11. Lidar-System, das Folgendes umfasst:

ein Array von Kanälen zum Bereitstellen von
Entfernungsmessinformationen für ein autono-
mes Fahrzeug (AV), wobei j eder Kanal des Ar-
rays von Kanälen einen Emitter in Verbindung
mit einem Empfänger umfasst, der Emitter zum
Emittieren von Lichtsignalen in eine Umgebung,
der Empfänger zum Empfangen von Rücksig-
nalen, die den Reflexionen der Lichtsignale aus
der Umgebung entsprechen;
wobei sich das Array von Kanälen kontinuierlich
um die Mittelachse des Lidar-Systems dreht,
und
mehrere Rauschquellendetektoren nach einem
der Ansprüche 1 bis 7, wobei die mehreren
Rauschquellendetektoren mit dem Array von

Kanälen gekoppelt sind.

12. Lidar-System nach Anspruch 11, wobei:

die mehreren Rauschquellendetektoren um ei-
ne Mittelachse des Lidar-Systems positioniert
sind; und
das Array von Kanälen und die mehreren
Rauschquellendetektoren um die Mittelachse
des Lidar-Systems gedreht werden.

Revendications

1. Détecteur de source de bruit configuré pour détecter
un signal de bruit produisant du bruit dans un ou
plusieurs signaux de retour reçus au niveau d’un sys-
tème Lidar monté sur un système de véhicule auto-
nome (AV), le détecteur de source de bruit
comprenant :

un capteur de lumière configuré pour recevoir
un signal de bruit, le capteur de lumière étant
configuré pour tourner continuellement autour
d’un axe central du système Lidar, un tour com-
plet du capteur de lumière autour de l’axe central
correspondant à un cycle rotatif ; et
un circuit de synchronisation couplé au capteur
de lumière, le circuit de synchronisation étant
configuré pour fournir une indication d’une di-
rection d’une source de bruit correspondant au
signal de bruit par rapport au système de véhi-
cule autonome (AV) ; et
l’indication de la direction de la source de bruit
comprenant une indication d’une position du
capteur de lumière dans un cycle rotatif associé
à un horodatage qui corrèle avec la position du
capteur de lumière sur la base d’une durée du
cycle rotatif.

2. Détecteur de source de bruit selon la revendication
1, la fourniture de l’indication de la position de la
source de bruit par le circuit de synchronisation
comprenant :
la génération de l’horodatage en mesurant un instant
auquel le signal de bruit est reçu au niveau du cap-
teur de lumière.

3. Détecteur de source de bruit selon la revendication
1, le capteur de lumière étant réglé à une longueur
d’onde de l’unité Lidar.

4. Détecteur de source de bruit selon la revendication
1, le capteur de lumière comprenant un capteur de
lumière ayant un champ de vision vertical plus large
par rapport à un champ de vision horizontal.

5. Détecteur de source de bruit selon la revendication
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1, le capteur de lumière mesurant une intensité du
signal de bruit produit par la source de bruit.

6. Détecteur de source de bruit selon la revendication
1, la source de bruit étant soit un système Lidar ex-
terne soit une surface réfléchissant un signal lumi-
neux produit par le système Lidar externe.

7. Détecteur de source de bruit selon la revendication
1, le circuit de synchronisation fournissant l’indica-
tion de la position du capteur de lumière dans un
cycle rotatif de l’unité Lidar en :

maintenant un signal d’horloge ;
mesurant, en utilisant le signal d’horloge, un ins-
tant auquel le signal de bruit est reçu au niveau
du capteur de lumière ; et
corrélant l’instant avec la position du capteur de
lumière dans le cycle rotatif de l’unité Lidar sur
la base d’une vitesse de rotation de l’unité Lidar.

8. Système Lidar comprenant :

un ensemble de canaux pour fournir des infor-
mations de distance pour un véhicule autonome
(AV), chaque canal de l’ensemble de canaux
comprenant un émetteur appairé avec un récep-
teur, l’émetteur étant destiné à émettre des si-
gnaux lumineux dans un environnement envi-
ronnant, le récepteur étant destiné à recevoir
des signaux de retour correspondant à des ré-
flexions des signaux lumineux depuis l’environ-
nement environnant ;
l’ensemble de canaux tournant continuellement
autour de l’axe central du système Lidar,
et
un détecteur de source de bruit selon l’une quel-
conque des revendications précédentes, le dé-
tecteur de bruit étant couplé à l’ensemble de ca-
naux.

9. Système Lidar selon la revendication 8,

le circuit de synchronisation étant un premier
circuit de synchronisation ;
le système Lidar comportant un deuxième circuit
de synchronisation pour mesurer un temps de
vol de signaux de retour ;
le premier circuit de synchronisation fonction-
nant à un premier niveau de précision ; et
le deuxième circuit de synchronisation fonction-
nant à un deuxième niveau de précision.

10. Système Lidar selon la revendication 9, le premier
niveau de précision étant inférieur au deuxième ni-
veau de précision.

11. Système Lidar comprenant :

un ensemble de canaux pour fournir des infor-
mations de distance pour un véhicule autonome
(AV), chaque canal de l’ensemble de canaux
comprenant un émetteur appairé avec un récep-
teur, l’émetteur étant destiné à émettre des si-
gnaux lumineux dans un environnement envi-
ronnant, le récepteur étant destiné à recevoir
des signaux de retour correspondant à des ré-
flexions des signaux lumineux depuis l’environ-
nement environnant ;
l’ensemble de canaux tournant continuellement
autour de l’axe central du système Lidar,
et
une pluralité de détecteurs de source de bruit
selon l’une quelconque des revendications 1 à
7, la pluralité de détecteurs de source de bruit
étant couplés à l’ensemble de canaux.

12. Système Lidar selon la revendication 11,

la pluralité de détecteurs de source de bruit étant
positionnés autour d’un axe central du système
Lidar ; et
l’ensemble de canaux et la pluralité de détec-
teurs de source de bruit étant tournés autour de
l’axe central du système Lidar.
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